: Powerful bifunctional organocatalysts, (S)-3-(N-isopropyl-N-3-pyridinylaminomethyl) BINOL
and ( With the aim of developing the above bifunctional organocatalysts, initially the reaction of prototypical substrates methyl vinyl ketone (3a) and phenyl N-tosylimine (4a) was performed in the presence of 4-, 3-and 2-dimethylaminopyridine (4-, 3-and 2-DMAP) as an organocatalyst candidate (Table 1 , Entries 3-5). Since 4-DMAP acted efficiently as a Lewis base in this reaction,6d'6f (S)-BINOLs bearing 4-dimethylaminopyridine were first designed ( Fig. 2 , compounds la and lb). Although a mixed reagent consisting of (S)-BINOL (10 mol%) and 4-DMAP (10 mol%) promoted the reaction of 3a with 4a to give the product 5a smoothly (Entry 7), organocatalysts la and lb, in which the pyridine ring is attached directly to the 3-position of BINOL, showed low or no activities (Entries 8 and 9). Organocatalyst lc, bearing 3-dimethylaminopyridine, was also synthesized and used in the reaction, resulting in a slight improvement in chemical yield (Entry 10). The catalytic deficiency of 1 may be attributable to the inappropriate position of the Lewis base moiety on the catalyst. Next, we synthesized organocatalysts 2a-c, in which 3-, 2-or 4-aminopyridine derivatives are attached via a methylene spacer. Although organocatalyst 2b, which contains a 2-aminopyridine unit, was found to be ineffective (Entry 12), catalyst 2a, containing a 3-aminopyridine unit, afforded 5a in 41% yield with 73% ee (Entry 11). In contrast, the same reaction mediated by a mixed reagent, (S)-BINOL (10 mol%) and 3-DMAP (10 mol%), produced 5a in 48% yield but with low enantioselectivity (Entry 6). Organocatalyst 2c contains a 4-aminopyridine unit, in which synergistic activation of the a,[3-unsaturated carbonyl compound in an intramolecular manner with the pyridine moiety and the hydroxy group in the organocatalyst exhibited is not expected, showed no catalytic activity (Entry 13). These results indicate that exact positioning of the active units on the catalyst can dramatically improve the efficiency of bifunctional asymmetric organocatalysis. Having been encouraged by these results, we went on to study the effects of solvent and temperature on the reaction of 3a with p-chlorophenyl N-tosylimine (4b) ( Table 2) . Diethyl ether, t-BuOMe, and cyclopentyl methyl ether (CPME) (Entries 1-3), along with toluene (Entry 6), were good in terms of enantioselectivity when compared with 1,2-dimethoxyethane (DME), THE (Entries 4 and 5) and other solvents, including halogenated solvents, DMF, acetonitrile, and methanol (entries 7-12). A mixed solvent system consisting of CPME/toluene (9/1) at -15 C afforded the best outcome (Entry 14). Effects of the substituent on the amino group were also examined (Table 3) , with an i-Pr group showing the best results in terms of yield and enantioselectivity (6a, Table 3 , Entry 2). Both catalysts 2a and 6a possess two phenolic hydroxy groups and two nitrogen atoms. In order to clarify the role of each unit in the reaction, we examined the catalytic activity of the following derivatives: two monoprotected catalysts 7a (2'-OMe group) and 7b (2-OMe group), an aniline derivative 8, pyridine derivatives 9a and 9b with different spacer chain lengths, and 9c which contains an oxygen atom linkage (Fig.  3) . Although 7a was found to be ineffective in promoting the reaction (5a, 5% yield, 24% ee), 7b showed a comparable (but slightly decreased) activity (5a, 85% yield, 79% ee) to that of the parent catalyst 2a. Interestingly, neither 8 nor 9 promoted the reaction. These results and the significant enantioselectivity of 6a are consistent with the idea that our designed organic molecules can act as bifunctional catalysts, utilizing both the phenolic 2'-hydroxy group and the pyridine moiety to activate the substrate while the phenolic 2-hydroxy group and the amino group form a hydrogen bond which fixes the conformation of the organocatalyst (Fig. 4) . It should be noted that the acid-base unit appears to be able to activate substrate 3 with high enantiocontrol, even though the nucleophilicity of the pyridinyl nitrogen of 2a (or 6a) is low compared to that of 2b or 2c.9
Bifunctional Organocatalysts Bearing Phosphines as Lewis Base Unitsm
We also prepared organocatalysts which have phosphine units as the Lewis base. When phosphine units were attached through an aromatic ring to the 3-position of (S)-BINOL (Fig. 5) , organocatalyst 10a, with a 2-(diphenylphosphino)-phenyl group, promoted the reaction of 3a and 4b to give the adduct (S)-5b with 70% ee (Table 4 , Entry 5). In contrast, organocatalysts 10b and 10c, in which the possibility of synergistic cooperation between the Bronsted acid and the Lewis base in an intramolecular manner has been eliminated, resulted in low asymmetric induction in 5b (Entries 6 and 7). The reaction mediated by a mixed reagent, (S)-BINOL (10 mol%) and triphenylphosphine (PPh3, 10 mol%), also produced 5b with low enantioselectivity (Entry 4). Ethereal solvents (Entries 5, and 8-10) were relatively efficient when compared with other solvents.10 Although organocatalysts 10d-i bearing tolyl or anisyl groups on the phosphine atom were synthesized (Fig. 5) , no improvement on catalytic activity was observed." The best result (90% yield, 92% ee) was obtained when 10a was used in t-BuOMe at -20 C under low concentration of the substrate 4b (0.05 M, Entry 11).
In general, conformational changes at an enzyme's active site encourage an induced fit which then activates the substrate and avoids product inhibition in the final stages of the catalytic cycle. The rotation between the phenyl and naphthyl axis on 10a would play an important role in mimicking an enzyme-like conformational change to achieve high catalytic efficiency (Scheme 3).12 To validate the effect of rotation of the phenyl-naphthyl bond on 10a, organocatalyst 11 with (S,S)-configuration and 11 with (S,R)-configuration were synthesized and utilized in the aza-MBH reaction of 3a with 4b in t-BuOMe (0.05 M; substrate concentration of 4b) at (Table 5 ). The absolute configuration of (S,S)-11 was determined from the X-ray crystal data of the synthetic intermediate (S,S)-14 for (S,S)-11 (Scheme 4).
While the reaction rate using (S,S)-11 was faster than that of (S,R)-11, the enantioselectivity using (S,R)-11 was higher than that of (S,S)-11 (Fig. 6 , Table 5 , Entries 1 and 3). The difference in the reaction rates between (S,R)-and (S,S)-11 is attributed to the hydrogen bonding interaction between the phenolic 2-hydroxy group and the phosphine unit which causes deficiencies in both acidity and basicity in the functional groups.13 However, this hydrogen bond could also fix the conformation of 10a with (S,R)-configuration to afford high asymmetric induction in 5b. 31P NMR spectroscopic data of (S)-10a supports an equilibrium between 10a with (S,S)-configuration (8 -11.02 ) and 10a with (S,R)-configuration (8 -9.90 ). The signals for (S,S)-10a and (S,R)-10a were assigned by comparison with 31P NMR spectroscopic data of (S,S)-11 (6 -11.54) and (S,R)-11 (6 -9.76). After the addition of 3a (20 equiv) to the solution of (S)-10a, the parent phosphine signals of 10a shifted downfield to 6 25.62 and attributable to the corresponding enolates (Scheme 5, intermediate Ic and He). After the Mannich reaction (intermediate IIc to IIIc), the change in conformation to (S,S)-10a (intermediate IIIc to IVc) could cause an increase in the rate of the proton transfer, as evidenced by the high conversion with (S,S)-11. Since the diprotected catalyst 17a and the monoprotected catalysts 17b and 17c resulted in no activity or low selectivity (Table 5 , Entries 4-6), both the phenolic hydroxyl groups in 10a seem to be required to promote the aza-MBH reaction. 
Scheme 4. Synthesis of (S,R)-11 and (S,S)-11. 
Mechanistic Implications in the aza-MBH Reaction
The substrate scope of bifunctional asymmetric catalysts 6a and 10a under optimal conditions is shown in Table 6 . Whether the aromatic substituent R2 of 4 was electron-withdrawing or electron-donating, organocatalysts 6a and 10a efficiently promoted the reaction with high enantioselectivity. Although various kinds of aldimines can be utilized in this aza-MBH reaction (Entries 13-15 and 19-21) , the reactions of acrylates as nucleophiles afforded no product or the corresponding adducts with low enantioselectivity (Entries 16-18 ). In the case of o-substituted N-tosylimines utilizing catalyst 6a (Entries 9 and 20), the selectivity dropped to 62% ee and 70% ee, respectively. When catalyst 10a was applied to m-substituted N-tosylimines as nucleophiles, moderate enantioselectivity was obtained (Entries 10 and 11). We also attempted to utilize an aliphatic N-sulfonated imine (C6th1CH=NTs) for the reaction of 3a under the optimal conditions for 6a and 10a. However the reaction was unsuccessful, and the corresponding aza-MBII product was not formed. Interestingly, the absolute configurations of the major adduct 5 obtained with catalyst (S)-10a were opposite to those obtained with (S)-6a which contains a 3-pyridinylamino unit, indicating the reaction mechanism of 10a is distinct from 6a. The 6a-mediated and 10a-mediated reaction mechanisms have been controversial.
In bifunctional organocatalysis, not only the position of the Lewis base attached to BINOL, but also a fine balance between acidity and basicity (nucleophilicity) of the catalysts, are both important for efficient activation of the substrates. The reactivity of bifunctional catalysts can be discussed based on the N-, P-nucleophilicity parameter reported by Mayr (Table 7) .14 In our bifunctional system, lower reaction rates were observed when the nucleophilicity parameter is larger than 15.50 for the attached Lewis base unit on BINOL. The deficiency of bifunctional catalysts is attributed to an intramolecular acid-base quench or an inhibition of the retro-Michael reaction (B-elimination) of the Lewis base unit due to high nucleophilicity toward a Michael accepter. The nucleophilicity parameter is suggested as a guideline for the development of novel bifunctional organocatalysts. Indeed, organocatalyst 18, containing a 1,3-propanediamine Scheme 5 Table 5 Vol.65 No.11 2007 ( 53 ) moiety (N/s 14.02/0.54) attached to the 3-position on (S)-BINOL through a methylene spacer, and organocatalyst 19, containing an imidazole unit (N/s 10.41/0.70) attached to the 3-position on (S)-BINOL through an aromatic spacer, were found to work as bifunctional organocatalysts for the aza-MBH reactions as shown in Scheme 6. Interestingly, the reaction of 2-(2-nitrovinyl)furan (20) with 4a using organocatalyst 6a and 10a afforded no product. Product 21 is the first example of an enantioselective aza-MBH reaction. We are now working on the improvement of the reaction rate and asymmetric induction ability of organocatalysts 18 and 19.
Conclusion
We have developed efficient and novel bifunctional organocatalysts (S)-3-(N-isopropyl-N-3-pyridinylamino- 
